The effects of Pitressin and norepincphrine on movements of sodium, potassium, and water into and out of the intraeellular compartment were measured in bilaterally nephrectomized rats using iimlin as a measure of extracellular fluid volume. Observations were made from 0.5 to 7 min. following injection of the test substances. Pitressin causes a movement of sodium and water into cells and the extrusion of potassium during the pressor phase of its action. These effects were observed at 0.75 and 1.5 min. after the injection of 30 or 60 mil. The reverse movements were observed during tliu subsequent return of the blood pressure towards normal. A secondary shift of sodium into cells was observed at 5 min. Norepinephrine caused similar shifts in sodium, water, and potassium in relation to its blood pressure effects. These were more rapid in onset than those induced by Pitressin. Our operational theory is that the regulation of the blood pressure depends, inter alia, on the "sodium transfer systems" broadly defined, which govern the rate of entrance and extrusion of sodium, water and potassium in smooth muscle cells.
O VER the past years, consistent reports have strongly suggested that sodium is implicated in the pathogenesis of hypertensive states, both in animals and in man. In some instances this involvement is easily demonstrated, as for example in DCA induced hypertension in the rat or in primary aldosteronism in man. In other instances, a state of equilibrium may obscure the sodium derangement but a suitable tolerance test reveals the defect.' Additional evidence that sodium is causally involved is furnished by the demonstrable effects of depletion or repletion of this cation on the maintenance of elevations in blood pressure. 2 There is also substantial evidence linking potassium with sodium in these effects.
These findings have made it necessary to search for functional links between sodium metabolism and blood pressure regulation. Tobian and Binion 3 have shown increased amounts of sodium in the arterial wall in both renal and DCA induced experimental hypertension. Further reports from the same laboratory and from others have shown that the problem is considerably more complicated than one of simple increase or decrease in the amounts of sodium or potassium within the cell. 1 ' 5 From the Department of Anatomy, The University of British Columbia, Vancouver, Canada.
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Received for publication January 23, 3957. 261 Our work on this problem led us to study Pitressin as a type substance which, in the rat, clearly affects both sodium metabolism and blood pressure. These studies have led us to define new actions for Pitressin and most recently, to correlate its extrarenal effects on cations and water with blood pressure. 6 ' 7 In this latter study, sodium rather than potassium was the ion most clearly implicated. However, we emphasized intervals of 5 min. or more. Further, since one experiment with a 2 min. interval revealed no changes, a straight line was assumed to apply between 0 and 5 min. The present report demonstrates that these inferences were not valid and that there is indeed an inverse relation between sodium and potassium movements, phasic in type, which seems to be causally related to the regulation of the blood pressure. A rise of blood pressure is accompanied by entry of sodium into cells and extrusion of potassium, a fall in blood pressure is accompanied by the reverse. These general changes are also demonstrable, with specific modifications, in the case of norepinephrine.
METHODS
Adult male albino rats of an inbred Wistar strain were used throughout. Each experiment was carried out in sections with two groups of at least S rats each; one as control, the other as test. The animals of both groups were bilaterally nephrectomized, allowed a 1-hour recovery period, and then injected with inulin, 12 mg. in 0.3 ml. saline/100 Gm. directly into the right femoral vein. A two hour interval Circulation Research, Volume V, May 1957 CATI0N1C SHIFTS AND BLOOD PRESSURE REGULATION served as an equilibration period for the inulin. Following this period, a 0 time blood sample of 0.6 ml. was taken from the left femoral artery. The appropriate dose of Pitressin* or norepinephrine in 0.1 ml. of saline was at once injected in the test groups, the saline alone in the controls. A second blood sample, and in certain experiments a third, was obtained at the appropriate interval after injection. In each case blood was collected within a 12 sec. period. Light ether anesthesia was used for all operative procedures.
Inulin was determined by the resorcinol method of Higashi and Peters. 8 This method is more specific for fructose than the diphenylaminc procedure used formerly. Blood pressure, where required, was recorded from the femoral artery using a 22 gage needle coupled with a Sanbom electromanometer. Sodium and potassium were determined using a model B Beekman flame photometer. Pitressin was made up fresh from standardized powder dissolved in saline. Norepinephrine was administered as the bitartrate.f Extracellular fluid volume (e.e.f.v.) was calculated from the inulin concentration as the volume distribution of the injected inulin. Since we were concerned in any one animal with the change in e.c.f.v. between any two blood samples, the error implicit in the amount of inulin injected was cancelled out. Throughout these studies the concern was with degree and direction of change.
RESULTS

Immediate Effects of SO mU. Pitressin Intravenously.
Observations were made at intervals of 1.5, 3, 5, and 7 min. Our previous information had covered 2 and 5 min. The inverse relation of Na to K is shown graphically in figure 1.+ The extracellular fluid volume in the control group shifts downward with time. This is a consistent observation. In marked contrast, the curve for the Pitressin treated group is sharply phasic; it decreases with the controls in the first interval, increases in the second, decreases again in the third and rebounds above base in the fourth. makes it difficult to demonstrate the changes sharply. Nevertheless, they are clear. Obviously, if Na moved isosmotically, no change in Na concentration would have occurred. Apparently, more Na than water moves at each inflection of the curve as we have previously noted with Pitressin. 7 Potassium concentration, like the other two variables, is obviously phasic but inverse to that of sodium and water.
The relative magnitudes of the shifts in extracellular K and Na, shown in figure 1, were calculated using the average ion concentrations and fluid volumes obtained at each interval. Such a calculation is useful in pointing up the relative dynamic shifts. It is noteworthy, however, that the actual amounts of Na transferred are larger than those of K. As blood pressure rises Na moves into cells and K moves out; as blood pressure falls this is reversed. With this dose, however, Na movement at 1.5 min. is the same in both control and test groups; it is only the inverse relation to K that is different in the test group. Experiment 2, using a larger dose of Pitressin, demonstrates that the Na movement, is real at this early interval.
Immediate Effects of 60 mU. Pitressin Intra- venously. This dose, which lies just above the saturation limit, was selected in order to study more precisely the first phases of cation and water shifts. The intervals studied were 0.75, 1.5, and 3 min. The results of these three experiments are presented in table 1. This experiment reaffirms the observations of the previous experiment. Thus, during the rise of blood pressure, water and sodium move into cells while potassium is extruded. These effects are rapid and reverse when the blood pressure falls. Again, as the calculation in table 1 shows, rather more Na than K is involved and yet significant data are more readily obtained for K. The larger dose tends to separate the control and test data for Na during the first phase of Pitressin action.
Immediate Effects of Norepinephrine. In a number of preliminary trials we were able to demonstrate shifts in sodium, potassium, and water following the intravenous administration of norepinephrine. These effects occurred so rapidly, however, that time itself became an important variable in the procedure. To overcome this in part, we attempted to prolong the duration of the rising phase of blood pressure by giving the norepinephrine intramuscularly. This worked best if we followed Peart's suggestion (quoted by von Euler 9 ) and pretreated the animal with 6 ing. of hexamethonium. bromide given subcutaneously 30 min. before the norepinephrine. In a further effort to obviate the time factor, blood was collected according to continuously observed blood pressure rather than at any arbitrary time. Thus, blood was collected first prior to the injection of norepinephrine, second during approximately 10 sec. beginning with the first discernible rise in diastolic pressure, and third, during approximately 10 sec. beginning with the levelling of the blood pressure at peak. This experiment was repeated. In addition, comparable data were available for the 0 to 0.5 min. interval following intravenous injec-CAT10N1C SHIFTS AND BLOOD PRESSURE REGULATION tion of 2 jxg. without hexamethonium pretreatment. The essential data from the three experiments are presented in table 2.
The changes are not so sharp as those following Pitressin. Consistently, however, in 5 independent intervals, the change in e.c.f.v. is negative relative to the saline treated control group. This relative movement of fluid into the cellular compartment is not significant in any one experiment, but is so on consideration of the combined probabilities. No definite trend is observed in Na concentration, perhaps because of the wide range of values. Since extracellular water decreases while Na concentration does not, sodium must have moved isosmotically with water into the cells. If true, this is somewhat different to the Pitressin effect.
The concentration of potassium increases in all intervals on the average and this is, in all cases, positive with respect to the control group. This increase is significant on consideration of the combined probabilities and is, in part at least, a reflection of the movement of water out of the extracellular space.
DISCUSSIOX
The experiments reported here have broad implications and consequently, the first question is, are the observed changes real? Potassium is the simplest of all the variables to study. Since there are approximately 4 mEq./L. in the extracellular fluid, a consistent change of even ±0.5 mEq. is easily measured. Accordingly, it is not surprising that shifts of potassium agreeing with those observed (out of cells with rising blood pressure, into cells with falling blood pressure) have been noted by other workers. Indeed, from experiments with histamine in cats Macmillan and Vane 10 have recently concluded that ". . . any procedure which stimulates smooth muscle, or striated muscle or leads to liberation of epinephrine will tend to increase the plasma K + ." This general consistency with other findings suggests that the movements of potassium as observed here are probably real.
Sodium is the most difficult of the variables to study. Since extracellular fluid contains approximately 150 mEq./L. a change of even ±2.0 mEq. can easily escape attention unless large numbers of animals and repeat experiments are used. It is doubtful whether current methods will allow detection of changes of lesser degree at all. This means in effect that a large bulk movement of sodium can escape notice or yield only suggestive results under conditions where even a smaller shift in potassium may appear dramatic. On this account, we feel that internal control and repeat experiments are essential where sodium is involved and such experiments have, in our hands, demonstrated movements of sodium that are inverse to potassium with the rise and fall of blood pressure.
The measurement of extracellular fluid is to some extent contentious. Our procedure, however, would seem to avoid controversy since it is concerned with change during a short interval as determined by separate measurement in each rat (internal control) rather than with average group data obtained at the beginning and end of the interval (external control). The error inherent in injecting a measured amount of inulin cancels out in measuring such a dynamic change. We are, however, dealing with movements of water of the order of 3 to 5 per cent of the total extracellular fluid. This is certainly a sizeable volume as far as the rat is concerned but as far as technic is concerned it rests at the lower limit of determination. (In our previous study with Pitressin no allowance was made for the blank value of inulin as determined by diphenylamine. Correction for this in both control and test groups increases the basic value for e.c.f.v. against which percentages were calculated. This reduces the absolute value of these percentages to the same order as in the present report but does not affect either the shape or significance of the curves presented.) The fact that our findings remain consistent and reproducible over repeat experiments argues for their reality.
A still further difficulty and one that is apparently of central importance is the matter of timing. In our previous study with Pitressin the basic interval was 5 min. except for one experiment using 30 mU. in which the 2 min. interval was examined. Two minutes lies at the mid-point between the two halves of the curve ( fig. 1 ) and hence yields a negative result. Presumably, too, the time curve for Pitressin shifts with dose, a point which we have not explored. Indeed, a good deal more information is required before this variable can be considered satisfactorily controlled.
In view of these inherent technical difficulties it is important that the trends which we have found are so reproducible. Furthermore, they must in all cases represent an average of the different responses of the contractile tissues of the body and hence shifts of sodium, potassium, and water must be relatively larger in some special tissues. Our preliminary in vitro studies using histamine and Pitressin on stomach muscle support this view. Finally, the validity of these changes is further affirmed by our findings in the dog (to be reported) a species in which satisfactory internal control is more readily accomplished. In the dog, if inulin space is measured simultaneously, the movement of sodium and water into cells and the exit of potassium can be demonstrated during the phase of blood pressure elevation, the converse during the fall. Such a relation in the dog was first suggested by Muirhead, Goth and Jones. 11 It is not likely that these exchanges are secondary to blood pressure change. Norepinephrine and Pitressin produce relatively different degrees of exchange, particularly of water, for comparable degrees of blood pressure elevation. Further, these two agents can be shown to act differentially on the sodium transfer systems despite their superficial points of resemblance. We thus reaffirm our operational theory as previously stated 12 that peripheral vascular resistance depends on the "sodium transfer systems" broadly denned, which govern the dynamic equilibrium between the entrance and extrusion of sodium, potassium, and water in vascular smooth muscle. At present we recognize two logical assumptions in our theory, that the observed shifts do actually involve arteriolar smooth muscle, and that these shifts are causally and not coincidentally related to the blood pressure changes.
This theory appears to be a special case of the broad views advanced in recent years by Fleckenstein and his co-workers. 13 These workers have recently suggested as sufficiently proved the following basic reaction sequence: (a) exchange of K + and Xa + , (b) cleavage of high energy phosphate, (c) increase in glycolytic rate, and (d) increase in oxidation rate.
This specific theory concerning blood pressure regulation which we have advanced does not answer the many problems connected with the role of the adrenal, kidney, pituitary, hypothalamus, etc., in the etiology of hypertensive disease. It simply suggests the area of final operation for these etiological factors and presents the blood pressure as the chief sign of the status of electrolyte and water exchange between the vascular smooth muscle and its environment.
SUMMARY
Groups of rats were bilaterally nephrectomized and, 1 hour later, injected intravenously with a measured amount of inulin. After a 2-hour period of equilibration, an arterial blood sample of 0.6 ml. was drawn to serve as a 0 time reference base for the measurement of inulin, sodium, and potassium concentration. The test agent (Pitressin or norepinephrine) was at once injected and, after a measured interval, a second blood sample, and in some experiments a third, was collected. The experiments were concerned with changes in the inulin space and sodium and potassium concentrations during the interval under study. By calculation, an estimate of the movements of extracellular sodium and potassium was made.
Pitressin in doses of 30 or 60 mU. adminis-tered intravenously caused a movement of sodium and water into cells and the extrusion of potassium during the pressor phase of its action. These effects were observed at the 0.75 and 1.5 min. intervals after injection. The reverse movements, still showing an inverse relation of sodium and potassium, occurred at the downward inflection of the blood pressure curve. A secondary shift of sodium into cells, but not inverse to potassium, was noted at the 5 min. interval, in agreement with previous observations. Intravenously administered norepinephrine causes rapid shifts in blood pressure, sodium, water, and potassium. This occurred within a 30 sec. interval. In an effort to slow these processes, norepinephrine was given intramuscularly to rats pretreated with hexamethonium. Again, a decrease in sodium and water and increase in potassium in the extracellular space were observed during the rising phase of blood pressure response. In these latter experiments blood samples were collected from each rat before injection, at the onset of the rise in diastolic pressure, and again at the peak of the pressure response.
Attention is drawn to the technical difficulties inherent in the detection of movements of sodium. At the same time, the importance of estimating these, since they may be larger in bulk than those of potassium, is stressed.
SUMMAMO IX INTERLIXGUA
Gruppos de rattos esseva subjicite a nephrectomia bilateral. Un hora plus tarde illos recipeva injectiones intravenose de mesurate quantitates de inulina. Post un periodo de equilibration de duo horas un specimen de 0,6 ml de sanguine arterial esseva obtenite e usate como base de referentia a tempore zero in le mesuration del concentrationes de inulina, natrium, e kalium. Le agente de experimentation (Pitressina o norepinephrina) esseva injicite immediatemente. Post un intervallo mesurate, un secunde specimen de sanguine-• in certe experimentos ancora un tertie-esseva colligite. Le experimentos esseva concernite con alterationes del spatio de inulina e del concentrationes de natrium e kalium durante le intervallo studiate. Le movimentos de natrium e kalium extracellular esseva estimate per calculation.
Pitressina in doses de 30 o 60 mU administrate intravenosemente causava un movimento dc natrium e aqua a in le cellulas e le extrusion de kalium durante le phase pressori de su action. Iste effectos esseva observate a 0,75 e 1,5 minutas post le injection. Movimentos contrari, ancora con natrium e kalium in relation inverse, occurreva durante le phase descendente del curva de pression sanguinee. Un movimento secundari de natrium a in le cellulas-nunc sin movimento inverse de kalium-esseva notate a 5 minutas post le injection. Isto esseva de accordo con p re vie observationes.
Le administration intravenose de norepinephrina causa rapide alterationes del pression de sanguine e del stato de natrium, aqua, e kutium. Isto occurreva intra un intervallo de 30 secundas. In le effortio de relentar iste processos, norepinephrina esseva administrate intramuscularmente a rattos pretractate con hexamethonium. De novo, un reduction de aqua e natrium e un augmento de kalium in le spatio extracellular esseva observate durante le phase ascendente del responsa del pression de sanguine, in iste experimented, specimens de sanguine esseva colligite ab le rattos individual ante le injection, al momento del declaration de augmentos in pression diastolic, e al maximo del responsa de pression de sanguine.
Es signalate le dirricultates technic inherente in le detection de movimentos de natrium. Al mesme tempore le importantia de estiinationes del movimentos de natrium es sublineate, viste le facto que illos pote esser quantitativemente superior al movimentos de kalium.
